The importance of aldosterone and related adrenal steroids in the regulation of renal conservation of Na+ and excretion of K+ has been established by extensive studies in man and other mammals (1) . The complexity of the mammalian kidney, however, makes it difficult to study the chemical pathways involved in the action of mineralocorticoids on cation transport. The prospects for achieving a solution of this problem should be improved considerably by the development of an in vitro preparation with a relatively simple histological structure that responds reproducibly and predictably to aldosterone. Previous studies on the action of mineralocorticoids on active Na+ transport by anuran skin in vivo and in vitro made it likely that such a preparation could be developed (24). Significant progress in the development of an in vitro system suitable for an analysis of the mechanism of action of aldosterone was made by Crabbe (7) (8) (9) , who showed that the rate of endogenous secretion of d-aldosterone in Bufo marinus varies with the salinity of the environment and that aldosterone stimulates active transport of Na+ across the isolated urinary bladder and ventral skin of anurans.
Our objectives were 1) to improve the sensitivity and reproducibility of the response of the toad bladder system to aldosterone, 2) to obtain information on the dependance of the action of *Submitted for publication October 4, 1963 ; accepted November 29, 1963. aldosterone on an adequate supply of substrate, and 3) to define the structure-activity relationships of natural and synthetic steroids.
Methods
All of our studies were carried out on the urinary bladder of Bufo marinus at room temperature (21 to 230 C). The toads were kept on wet earth without food for 1 to 4 weeks before use. The hemibladders were removed after double pithing the toad and then rinsed in standard frog-Ringer's solution (Na+ = 114 mEq per L, K+ = 3.5 mEq per L, Ca!+= 5.4 mEq per L, Cl-= 120.4 mEq per L, HCO3-=2.5 mEq per L, osmolality=0.228, and pH in air = 8.4). In the first 65 experiments, paired hemibladders were mounted without inducing contraction; in the 68 experiments on structure-activity relationships, the rinsing solution contained 2 X 10-' M methacholine chloride to induce contraction of the hemibladders at the time of mounting in the chambers. Pretreatment with methacholine increased the number of hemibladders that survived the period of preincubation with a transepithelial potential difference of 5 mv or greater. The magnitude of the response of the shortcircuit current (scc) to either glucose or aldosterone was not altered by this maneuver. The reproducibility of the response to aldosterone, however, was improved to some extent by the use of methacholine. Each hemibladder was mounted as a diaphragm between glass chambers similar in principle to those of Ussing and Zerahn (10) . The cross-sectional area of the chamber orifice was 2.54 cm2. To fix the geometrical relation between the agar-KCl bridges and a hemibladder, both orifices were covered with 30-denier mesh nylon hose kept taut and secured in place with rubber bands; the hemibladders were sandwiched between two discs of nylon hose. The residual methacholine was removed by washing with 40 ml of frog-Ringer's solution (20 ml per chamber) for 10 to 15 minutes. After these solutions were replaced with fresh frog-Ringer's solution, the scc was measured continuously by the method of Ussing and Zerahn (10) except for brief interruptions of approximately 20 seconds for the measurement of the transepithelial electric potential difference (pd). The voltage clamp was not applied during overnight incubation. Only hemibladders generating a pd of 5 mv or greater were accepted for study. If either member of 611 the pair failed to sustain a pd of this magnitude, the pair was discarded.
The solutions added to the standard media did not produce detectable changes in the osmolality or pH of the standard media. At the times specified in Results 0.5 ml of a freshly prepared solution of 0.23 M glucose was added to each half chamber giving a final concentration of 5.5 X 10-moles per L. In one set of experiments the medium bathing the mucosal surface was modified to contain a concentration of Na' of 22 mEq per L (i.e., j the concentration of the serosal medium) by substituting the appropriate amount of choline Cl for NaCl in frog-Ringer's solution.
The unidirectional flux of Na+ was measured in paired experiments: we added 50 ptc of Na22 to the serosal solution of one hemibladder and the same amount of Na22 to the mucosal solution of the other and determined the quantity of isotope in the contralateral solution at hourly intervals. All samples were obtained in duplicate and assayed in a NaI, thallium-activated, welltype, crystal gamma-ray spectrometer. 1 The final concentration of all steroids was 7 X 10' M. In the studies on the relationship between steroidstructure and activity, one hemibladder received d-aldosterone,2 and the other received one of the following: 9a-fluorocortisol,3 corticosterone,2 desoxycorticosterone acetate (DOCA),2 cortisol,4 prednisolone,3 2-CH2-9a-fluorocortisol,4 2-CH2 cortisol,4 or progesterone. 5 The diluent (20 to 95%o ethanol in water) was always the same for aldosterone and the steroid being compared. Analysis of the results showed that the ethanol content of the diluent did not affect the response of the scc to aldosterone.
Results
Effects of preincubation and of substrate on the response to aldosterone. Two physiological variables influenced responsiveness to aldosterone: a) the duration of preincubation in steroid-free media and b) the presence of exogenous glucose in the media. Since adrenalectomy accentuates the response to corticosteroids (11, 12) , we studied the first variable on the assumption that the action of exogenous aldosterone on the transport system would be more evident when endogenous aldosterone had been depleted. The effect of glucose on the action of aldosterone was studied because Maffly and Edelman (13) found that the scc was dependent on exogenous substrate after 5 hours of incubation in vitro.
We used four experimental protocols to investigate these two physiological variables. In the first set (8 experiments) paired hemibladders were preincubated in frog-Ringer's solution for 4 hours, and d-aldosterone was then added to the serosal solution of one hemibladder and diluent to the serosal solution of the other hemibladder. For the second set (9 experiments) paired hemibladders were preincubated for 2 hours in frogRinger's solution, and glucose was then added to the serosal and mucosal media of both hemibladders. After incubating the hemibladders for an additional 2 hours in glucose-fortified media, d-aldosterone was added to the serosal solution of one hemibladder and diluent to the other.
The protocol for the third set (7 experiments) was as follows: paired hemibladders were preincubated in aerated frog-Ringer's solution for about 15 hours, all solutions were then exchanged with fresh frog-Ringer's solution, and d-aldosterone was then added to the serosal solution of one hemibladder and diluent to the serosal solution of the other hemibladder. In the fourth set (8 experiments) paired hemibladders were preincubated in aerated frog-Ringer's solution for about 15 hours, all solutions were then exchanged for fresh frog-Ringer's solution, and glucose was then added to the serosal and mucosal media of both hemibladders. 6 The hemibladders were incubated for an additional 2 hours in glucosefortified media, and then d-aldosterone was added to the serosal solution of one hemibladder and diluent to the serosal solution of the other.
A quantitative index of the response to aldosterone was obtained by dividing the scc or pd observed at time "t" after the introduction of aldos- of the control group for approximately 1 hour; thereafter the rate of decline was distinctly slower in the group exposed to aldosterone. The same pattern was seen in the response of the pd to aldosterone.
In the second set of experiments (i.e., 2 hours of preincubation in frog-Ringer's solution, followed by 2 hours of preincubation in glucosefortified media) the scc and pd tended to rise progressively but, on the average, the rise was less in the aldosterone-treated group, indicating that other maneuvers were needed to obtain a satisfactory system.
As shown in Figure 2 , extending the period of preincubation to 15 hours accentuated the response to aldosterone; the control hemibladders showed a monotonic fall in scc and pd, whereas the steroid-treated group maintained fairly steady values after a latent period of about 90 minutes.
In contrast to the results obtained in the first three sets of experiments, the combination of 15 hours of preincubation plus 2 hours in glucosefortified media gave a highly responsive and reproducible system as shown in Figure 3 . The scc and pd rose progressively and linearly in the aldosterone-treated group for 4. hours after a latent period of 90 minutes. At 6 hours the scc ratio averaged 2.10 + 0.31, and the pd ratio averaged 1.22 + 0.15 in the steroid-treated group. whereas the control ratios were 0.72 + 0.13 for scc and 0.53 + 0.09 for pd. These results indicate that prolonged preincubation sensitizes the toad bladder system to the action of aldosterone on Na+ transport, provided that an adequate supply of substrate is available.
The effect of aldosterone on Na+ transport against a gradient. In vivo aldosterone mediates the conservation of Na+, despite the presence of opposing electrical and chemical gradients, at the expense of energy derived from metabolic transformations. If convection is neglected (the osmolality of the serosal and mucosal solutions were identical so that no external osmotic gradient was present), Heinz and Patlak (14) proposed In 12 paired experiments (to be described as the sixth set of experiments) flux ratios (JIm/fJm) were determined with Na22 and averaged 2.9 + 0.4 in the steroid-free solutions and 4.4 + 0.6 in the solutions containing aldosterone (7 x 10-7 M). The > sign denotes the possible existence of nonmeasurable irreversible losses of energy in the process of regenerating elements of the Na+ transport system. If we assume that the nonmeasurable terms are approximately constant, the residual work output per mole net flux of Na+ will be more than doubled if the ratio Cs/Cm is set at 5: 1. In our fifth set of experiments the effect of aldosterone on the scc was measured at a Na+ concentration of 22 mEq per L in the mucosal where R is the gas constant, T the absolute temperature, C8 Figure 4 indicate that in glucose-fortified media aldosterone provokes a rise in scc against a fivefold concentration gradient of Na+ comparable to the rise seen in isomolar solutions (cf. Figure 3 and Table II ). The combined action of steroid and substrate, therefore, is to increase the output of transport work.
Effect of aldosterone on unidirectional flux of Na+. Crabbe (8) found that the rise in scc induced by aldosterone was matched by an equal increase in net Na+ flux. This increase may result either from an increase in the mucosal to serosal flux (i.e., the active path) or from a decrease in the serosal to mucosal flux (i.e., the passive path). In the latter case, the mechanism of action might involve the passive permeability properties of the serosal surface of the epithelial cells; in the former it might involve either the passive permeability of the cell membrane of the mucosal surface or a direct action on the Na+ pump. In our sixth set of experiments unidirectional fluxes were measured in paired hemibladders before and after the introduction of aldosterone. Pairs of hemibladders were preincubated for 15 hours in steroidfree media, the media were then exchanged for glucose-fortified media, and 2 hours later aldosterone (7 X 10-7 M) was added to the serosal media. Figure 5 shows that within the limits of experimental error there was a 1: 1 correspondence between the increase in the scc (expressed in microequivalents per hour) and the increase in the unidirectional flux of Na+ from mucosa to serosa induced by aldosterone. Figure 1 .
Action of aldosterone from the mucosal side. Crabbe (9) did not find an effect of aldosterone on scc when the steroid was added to the mucosal solution. We restudied this question using the following protocol for our seventh set of experiments. Paired hemibladders were preincubated for about 14 hours in frog-Ringer's solution, and then glucose was added to the media. After the hemibladders had been an additional 2 hours in glucose-fortified media, d-aldosterone was added to the mucosal solution of one hemibladder and diluent to the other. The results shown in Figure 6 indicate that the addition of aldosterone to the mucosal solution induces an increase in active Na+ transport similar in magnitude to the increase induced by addition to the serosal solution (cf. Figures 3 and 6 ). Six hours after the addition of aldosterone to the mucosal solution, the ratio scct/scc_ averaged 1.56 + 0.15 in the steroid-treated group and 0.78 + 0.06 in the control group. The latent period averaged about 1 hour after the addition to the mucosal side compared with an average figure of about 1.5 hours after addition to the serosal side.
Structure-activity relationships. Definition of the relationships between steroidal structure and activity on Na+ transport may provide useful clues to the mechanism of mineralocorticoid action. The was added to the serosal medium of one of the hemibladders and the steroid under study to the serosal medium of the other. Seventy-one paired studies were carried out. Figure 7 that responsiveness to mineralocorticoids is enhanced by adrenalectomy in man, dogs, and rats (11, 12, 16) . We found that the combination of preincubation plus exogenous glucose provides a system in which aldosterone evokes an increase in transport work, since the rise in scc above the base line was almost as great in the face of a fivefold Na+ gradient as under isomolar conditions (cf. Figures 3 and 4) . The possibility that aldosterone acts directly on the Na+ pump is suggested by its effect on the flux ratio under short-circuited conditions. For the condition of a vanishingly small electrochemical gradient, Ussing and Zerahn (10) (17) proposed that aldosterone acts at or near the mucosal face of the epithelial cells of the bladder. Our data confirm the basic findings of Crabbe (7-9) but differ in some notable respects. In the present system the addition of aldosterone to the mucosal medium (7 x 10-7 M) gave a similar response as addition to the serosal medium (cf. Figures 3 and 6 ). In Crabbe's studies no effect was found with 2 X 10-5 M DOCA or 2.8 x 10-5 M cortisol or corticosterone, whereas in our studies all three were active at a concentration of 7 X 10-7 moles per L. We also found that 9a-fluorocortisol and prednisolone were fully active. The 2-methyl derivatives of cortisol and 9a-fluorocortisol were less active than cortisol or 9a-fluorocortisol, and progesterone had no discernible activity. Imamura and Sasaki (6) found that desoxycorticosterone gluconate, cortisol, and corticosterone at a concentration of 3 X 10-6 moles per L elicited equal rises in scc across the frog skin and that progesterone had little or no effect. The present findings indicate that deletion of the acetate group at the C-2 1 position virtually abolishes the activity and that methylation at the C-2 site suppresses activity. These conclusions are based on studies at 7 x 10-7 moles per L. It is likely that 7 x 10-7 moles per L is close to a saturating concentration with respect to activity on Na' transport. Consequently, additional, more subtle, structure-activity relationships might appear in comparative studies at lower concentrations.
Summary
Prolonged preincubation in steroid-free media enhanced the action of exogenous d-aldosterone on Na+ transport across the urinary bladder of the toad, Bufo rnarinus.7 The ability of aldosterone to augment Na+ transport was dependent on an adequate supply of substrate under these conditions. Aldosterone was as effective in stimulating Na+ transport against a fivefold gradient as it was in isomolar solutions. The effect of aldosterone was exerted solely on the unidirectional flux of Na+ from the mucosal to the serosal phases as judged by tracer studies with Na--. At a concentration of 7 x 10-7 moles per L, aldosterone was as active on addition to the mucosal medium as on addition to the serosal medium. Structure-activity relationships were studied at equimolar concentrations (i.e., 7 x 10-7 M), and the order of effectiveness was found to be: d-aldosterone = 9a-fluorocortisol . desoxycorticosterone acetate > cortisol > corticosterone . prednisolone > ,-CH3 -9a-fluorocortisol > 2-CH3-cortisol > progesterone > no steroid.
